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Abstract  
The third and final protection barrier confining nuclear reactors is usually a 1m-thick 
concrete containment structure. Monitoring the structural integrity of these barriers is critical 
in ensuring the safety of nuclear power plants. The Institute for Radiological Protection and 
Nuclear Safety (IRSN) in France collaborates with the French Atomic commission 
(CEA/LIST) to develop an ultrasonic phased-array technique capable of detecting cracks and 
bulk defects in these structures. The inspection is difficult since concrete granular structure 
severely attenuates and scatters the ultrasonic waves. Previous studies have proved the 
potential of ultrasound techniques in plain concrete through appropriate ultrasonic beam 
focusing and steering. 
In this paper we present an experimental study performed with up to 16 transducers on 
both plain and reinforced mock-ups. It shows that, with appropriate data processing, artificial 
defects (horizontal and tilted) deep as half a meter can be detected in both cases. The 
influence of the number of elements in the array on the Signal to Noise ratio is studied.  
Simulation tools were developed in CIVA software to predict the performance of the 
technique in terms of detection and characterization. The software can compute ultrasonic 
beam propagation and defect responses in the heterogeneous structure of concrete. 
Résumé  
La dernière barrière de confinement des réacteurs nucléaires est habituellement un mur de 
béton d’environ 1 mètre d’épaisseur. Il est donc essentiel de contrôler l’intégrité de ce mur 
pour assurer la sureté nucléaire. L’Institut de Radioprotection et de Sûreté Nucléaire français 
collabore avec le CEA au développement d’une technique multiéléments capable de détecter 
des défauts volumiques ou fissures dans ces structures. Cette inspection est difficile car la 
structure granulaire du béton atténue et diffuse sévèrement les ondes ultrasonores. Des études 
précédentes ont montré le potentiel des techniques ultrasonores dans des bétons non-armés 
grâce à une focalisation/déviation appropriée du faisceau. 
Dans cet article, nous présentons une étude expérimentale réalisée avec jusqu’à 16 
traducteurs, à la fois sur des maquettes de béton armé ou non-armé. Il est montré que, grâce à 
un traitement de données approprié, des défauts artificiels (horizontaux et inclinés) situés 
jusqu’à 0.5m de profondeur sont détectés dans les deux cas. L’influence du nombre 
d’éléments de la matrice sur le rapport signal à bruit est également étudiée. 
Des outils de simulation ont été développés dans le logiciel CIVA afin de prédire les 
performances de la technique en termes de détection et caractérisation. Le logiciel peut 
calculer la propagation des ultrasons et la réponse de défauts dans le béton. 
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1  Introduction 
Wall containments in Pressurized Water Reactor are extremely important because they 
must retain radioactive materials if an accident should occur. These walls are made of 
reinforced concrete with thickness of about 1 meter. Various phenomena are susceptible to 
induce ageing of these structures, with the creation of bulk or surface flaws, such as cracks, 
porosity and lamination [1]. It is therefore essential to detect non-destructively flaws in the 
structure to ensure the integrity of the wall containment. Ultrasounds were identified as 
having a great potential to inspect such thick concrete structures [2,3].  
In previous work [4,5], Paris et al showed the potential of ultrasound phased array in plain 
concrete; up to 9 transducers were used. The main objectives of the present paper are 
therefore: to develop a non destructive evaluation method using ultrasonic phased array 
transducers to detect and characterize bulk flaws not only in plain concrete but also in 
reinforced concrete, to study the influence of the number of transducers (up to 16 transducers 
are tested), and to develop appropriate data post-processing to improve the defect 
characterization. 
 In order to choose an optimum inspection configuration, simulation tools can be very 
useful. Therefore, we present here some of the possibilities of the CIVA software that were 
developed to take into account heterogeneous media such as concrete. 
Then, experimental results are presented. Wide bandwidth 200 kHz frequency transducers 
were chosen whose relatively small diameter (34mm) enables beam steering with reduced 
side lobes. Two mock-ups are tested. The first one is made of plain concrete and includes an 
artificial crack composed of different oriented facets localized at different depth. The second 
is a reinforced concrete mock-up representative of the Nuclear Power Plant wall containment. 
2  Mock-ups used in experiments  
The mock-ups we used in our experiments are made of concrete whose formulation is 
typical of the concrete used in Nuclear Power Plant wall containment. The maximum size of 
the aggregates is 25mm. 
2.1  Plain concrete mock-up  
The plain concrete mock-up is 800x800x600m3. It includes an artificial crack made of 
four facets, each with a surface of 40x70mm2. They are between 200mm and 500mm below 
the inspection surface, and are tilted from 10° to 20° in reference to the horizontal 
plane(Fig.1). 
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Figure 1. Plain concrete mock-up (on the left) and position of the multi-facets flaw (on the 
right). 
2.2 Reinforced  mock-up 
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The second mock-up contains a grid of bars, whose diameter is 25mm, 90mm under the 
inspection surface, and 250mm-spaced. It includes seven artificial 70mm square flaws, 
located between 300 and 500mm below the surface. They are tilted from 0° to 20° and 
embedded either directly below one or two steel bars, or in the middle of the grid (Fig.2). 
 
Figure 2. Reinforced mock-up used in experiments: top view (left), and defects position in 
the mock-up (right). 
3  Simulation tools of concrete structures 
In complex configuration, simulation is useful to define or optimize inspection techniques. 
In the case of concrete evaluation, it can be used to design transducer arrays, compute delay 
laws, or optimize the post-processing technique. 
CIVA software gathers simulation modules that answer this purpose. Ultrasonic field 
computations are performed to design arrays of transducers and to characterize transmitted 
beams in concrete. The heterogeneity of concrete leads to various phenomena such as 
attenuation. A homogenization model was implemented in CIVA in order to take into account 
phenomenon linked to attenuation [5]. The model is based on the information of the 
distribution, the density and the sound velocity of granulates and mortar. After 
homogenization, the frequency dependent attenuation law is deduced, as well as the mean 
longitudinal velocity in the homogeneous equivalent medium.  
Delay laws can be computed by the software in order to focus or steer the ultrasonic beam. 
An example of field computation is presented in Fig.3. The field transmitted by a 3x3 matrix 
array transducers at 200 kHz is computed, without attenuation (left) and with the attenuation 
obtained by homogenization (right). Delay laws were applied to focus the beam at 300mm in 
depth, with 15° inspection angle. 
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Figure 3. Wave field computed with CIVA software (focusing at 15° and 300-mm deep) 
without and with attenuation (left and right respectively). 
 
The influence of attenuation on the beam pattern is clearly demonstrated: first, the acoustic 
focusing point is less deep, and second, the beam width is enhanced.  
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Computations of the interaction of the incident beam with defects in concrete (side drilled 
holes, Flat bottomed holes, facetted cracks) can also be performed in order to assess the 
detection capabilities of techniques. An important limitation for the inspection of concrete is 
the high level of noise which results from the heterogeneous structure. A model was 
implemented in CIVA to predict this effect. This model allows computing noise in the 
structure considering simple scattering on a distribution of scatters representative of the 
inclusions in concrete. The ability of the model to correctly predict the Signal to Noise Ratio 
was formerly demonstrated [5]. 
4  Experimental results 
An array of either 3x3 or 4x4 transducers was used, with a central frequency of 200 kHz 
and 100% bandwidth. The array is mechanically scanned on the surface of the mock-up. A 
multi channel system, developed by the M2M French company, allows driving the 
transducers and adjusting their relative parameters such as delay and amplitude laws. The 
signal of excitation is a 70 V square pulse. The coupling is a film of water. 
4.1  Experiments on the plain concrete mock-up 
A first experiment is performed to detect the flat bottom holes with a 3x3 transducers 
array. During the experiment, the transducer array is scanned above each defect, using an 
adapted delay law computed to focus the beam along the L0° axis at the defect depth. The 
signal to noise ratio (SNR) of defect echoes is displayed in the following table. 
 
  Defect T1  Defect T4  Defect T2 
Defect depth  200 mm  400 mm  500 mm 
Signal to Noise 
Ratio  13 dB  11 dB  6 dB 
In order to improve the detection of the deepest defect (T2), further experiments with a 
greater number of transducers (16) are performed. 
The experimental result on the deepest defect (T2) is presented in Fig.4 and compared to 
the result obtained with the 3x3 transducers array. The signal to noise ratio (SNR) is 
increased of 2 dB using the 4x4 array. 
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Figure 4. Scanning above the defect T2: experimental setup (on the left), True-Bscan 
images obtained with a 9 transducers array (middle) and a 16 transducers array (on the 
right). 
Experiments are performed on an artificial defect simulating a crack. This defect is more 
representative of a real defect which can be irregular in shape and is approximated by tilted 
facets. To detect such a defect, an angular scanning combined with a mechanical 
    
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
displacement of the array is applied. The angular scanning is chosen in order to improve the 
detection of an irregular defect, considering that on a real crack the exact profile of the flaw is 
unknown.  
Delay laws are computed to focus the beam at 500mm in depth with angles varying from -
10° to 20°. Data processing is applied to display a cumulative sector scan of the artificial 
crack. The data-processing consists in combining signals coming from the same area of the 
inspected volume along the scanning. Results of this inspection are presented in Fig.5. The 
four facets of the crack are well detected (see following table). 
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Figure 5. Experiment above the multi-facets crack, with 16 transducers: experimental set-
up (top), and average of all ray-model based images (bottom). The theoretical crack and 
backwall profile is drawn in white dashed line. 
 
Defect  P1 P3 P5 P7 
Signal to 
Noise Ratio  16dB 13dB 17dB 12dB 
The signal to noise ratio measured on the deepest facet (P7) is 12 dB, which is quite 
significant to ensure the detection of the defect. This inspection technique seems to be a 
promising way to detect cracks in concrete. 
4.2  Experiments on reinforced concrete mock-up 
Experiments are then performed on the reinforced mock-up. The transducers are used in 
pulse-echo mode, with delay laws computed in order to steer the ultrasonic beam normally to 
the defect surface. Results on defects D2, D3, D4 and D5 are presented in Fig.6. D2 and D5 
are identical (tilted by 15°, 400mm deep) but D2 is located in the middle of the reinforcement 
grid, whereas D5 is below two steel bars crossing. D3 and D4 are at the same depth, both 
located under one steel bar, and tilted by 10° and 20° respectively. As can be seen in Fig.6, 
defects D3 and D4 are well detected. Due to the reinforcement, D5 is detected with a lower 
amplitude than D2, but the signal to noise ratio is quite significant (SNR : 9 dB). 
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Figure 6. Detection of tilted defects in the reinforced concrete mock-up by 9-transducers 
array, with the appropriate delay laws (L15°P400mm for left and middle image, 
L20°P300mm for right image). 
5  Conclusions  
In this paper, ultrasonic phased array techniques for the inspection of thick concrete are 
presented. The techniques were developed and assessed using CIVA simulation software. 
Specific models were implemented in the software in order to take into account the 
heterogeneous structure of concrete. Experiments were conducted on mock-ups using 200kHz 
transducers array. Pulse echo inspection modes based on depth focusing and beam steering 
enable the detection of planar defects, with a minimum surface of 50x50mm
2, tilted up to 20° 
and embedded at depth up to 500mm. The influence of reinforcement was evaluated. It was 
shown that it slightly degrades the detection capabilities. Nevertheless planar defects of 
70x70 mm
2 were detected up to 500 mm in depth. The possibilities of ultrasonic inspection of 
concrete were demonstrated in laboratory. Further technological developments should be 
done in order to adapt these inspection techniques to in-situ environment. 
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